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Summary
The Rb family, Rb, p107, and p130, play important roles in cell cycle control and cellular differentiation, and Rb has been
suggested to regulate adipocyte differentiation. We report here that mice lacking p107 displayed a uniform replacement
of white adipose tissue (WAT) with brown adipose tissue (BAT). Mutant WAT depots contained mutilocular adipocytes that
expressed elevated levels of PGC-1α and UCP-1 typical of BAT. WAT from p107−/− mice contained markedly elevated
numbers of adipogenic precursors that displayed downregulated expression of pRb. Consistent with the hypothesis that
pRb is required for adult adipocyte differentiation, Cre-mediated deletion of Rb in adult primary preadipocytes blocked
their differentiation into white adipocytes. Importantly, pRb was observed to bind the PGC-1a promoter and repress tran-
scription. Therefore, p107 and pRb regulate PGC-1α expression to control the switch between white and brown adipocyte
differentiation from a common pool of presumptive adult progenitors in fat tissue.Introduction
Adipose tissue is composed of white adipose tissue (WAT) and
brown adipose tissue (BAT), two functionally distinct cell types
characterized by their opposing metabolic properties (Ailhaud
et al., 1992; Cinti, 2000, 2001; Rosen, 2002). Morphologically,
white adipocytes are unilocular containing a single lipid-filled
vacuole, while brown adipocytes have a multilocular appear-
ance with cytoplasmic lipids arranged as numerous small drop-
lets surrounding the nucleus. The principal role of WAT is the
storage and release of triglycerides in response to energy
levels. By contrast, BAT dissipates energy in the form of heat
through the process of adaptive thermogenesis in response to
cold exposure or diet (Cannon and Nedergaard, 2004).
The difference between white and brown adipocytes is ap-
parent at the level of gene expression and by the number and
properties of their mitochondria. Brown adipocytes contain
many more mitochondria and express increased levels of pro-
teins involved in oxidation. In addition, brown adipocytes spe-
cifically express uncoupling protein-1 (UCP-1) which uncou-
ples the electron gradient of the mitochondrial respiratory
chain such that O2 consumption is no longer linked to ATP
synthesis (Argyropoulos and Harper, 2002; Cannon and Neder-
gaard, 2004). Hence, the resulting energy is given off as heat
required for newborn mammals, rodents, and hibernators. Adi-
pogenesis of both brown and white adipocytes requires the
peroxisome proliferator activated receptor γ (pparγ) and the
CCAAT/enhancer binding protein (c/ebp) family of transcription
factors. These factors interact to orchestrate a cascade of
gene regulatory events culminating in the development of a
highly specialized cell type (Rosen and Spiegelman, 2000).CELL METABOLISM : NOVEMBER 2005 · VOL. 2 · COPYRIGHT © 2005 EIn vitro studies with cell lines reveal that differentiation is di-
vided into three phases. An initial growth arrest phase is fol-
lowed by a period of two or more cell divisions known as mi-
totic clonal expansion (MCE) (Tang et al., 2003). In the last
phase of differentiation, the factors required for adipocyte dif-
ferentiation and triglyceride storage are expressed.
The anatomical localization of WAT and BAT is normally mu-
tually exclusive with BAT located predominately between the
scapulae as a distinct bilobic structure. However, brown adipo-
cytes can be found in WAT and vice versa (Cinti, 2000, 2001).
It has not been clear if brown adipocytes within WAT depots
are derived from brown specific preadipocytes or the same
preadipocytes that give rise to WAT. pparγ coactivator-1 α
(PGC-1α) has been implicated as a potential switch for brown
adipocyte differentiation (Puigserver and Spiegelman, 2003;
Puigserver et al., 1998). PGC-1α is expressed at higher levels
in BAT, where it is involved in mitochondrial biogenesis and
activation of the UCP-1 promoter (Puigserver et al., 1998; Wu
et al., 1999). Furthermore, the exogenous addition of PGC-1α
promoted brown cell features in human white adipocytes as
noted by the elevated expression of UCP-1 and increased
mitochondrial biogenesis (Tiraby et al., 2003).
There is a large body of evidence that implicates the retino-
blastoma susceptibility protein (Rb) family (pocket proteins), in-
cluding pRb, p107, p130, and their associated proteins, in adi-
pogenesis. Pocket proteins have unique and overlapping
functions. The classic role for the Rb family is in the regulation
of the cell cycle as repressors of the E2F family of transcription
factors (Classon and Dyson, 2001). An additional role for the
Rb family is in development and differentiation of many tissues.
Mice lacking pRb die in utero displaying defects in erythroid,LSEVIER INC. DOI 10.1016/j.cmet.2005.10.002 283
A R T I C L EFigure 1. p107−/− mice display under developed
WAT depots
A) Dorsal view of one-week-old p107−/− mouse with
p107+/+, its littermate control. Note the decrease
deposition of fat in the inguinal and interscapular
regions for the mutant animal.
B) Dorsal view of p107−/− and control adult mice.
The decrease in fat deposition is apparent in the
interscapular and inguinal fat pads.
C) Gross comparison of ovarian fat depots between
adult p107−/− and wild-type mice.
D) Gross comparison of testicular fat depots be-
tween adult p107−/− and wild-type mice.
E) Graphical representation for the weight of various
fat depots between p107−/− and wild-type female
mice. Asterisks denote significance for inguinal (p <
0.002), interscapular (p < 0.0002), ovarian (p <
0.0005), and peritoneal (p < 0.001).
F) Graphical representation for the weight of various
fat depots between p107−/− and wild-type male
mice. Asterisks denote significance for inguinal (p <
0.0005), interscapular (p < 0.01), testicular (p <
0.0002) and peritoneal (p < 0.005).
G) Graphical representation for the weight of inter-
scapular BAT between p107−/− and wild-type mice.
H) Graphical representation for the percent adipos-
ity between p107−/− and wild-type mice, n = 5. As-
terisk denotes significance (p < 0.007).neuronal, and muscle differentiation (Clarke et al., 1992; Jacks
et al., 1992; Lee et al., 1992), whereas mice lacking p107 come
to term but display myeloid differentiation and cell cycle kinetic
abnormalities (LeCouter et al., 1998). The Rb family has been
shown to be differentially regulated during adipogenic differen-
tiation of preadipocyte cell lines (Hansen et al., 2004b; Reichert
and Eick, 1999; Richon et al., 1997).
Sequestration of Rb family members by SV40 large T antigen
inhibits adipocyte differentiation (Cherington et al., 1988; Hig-
gins et al., 1996). Antisense suppression of p107 inhibits adipo-
cyte differentiation of a preadipocyte cell line (May et al., 2001).
However, p107−/− mouse embryonic fibroblasts (MEFs) exhibit
an increase in their adipogenic potential over wild-type con-
trols (Classon et al., 2000; Landsberg et al., 2003). In addition,284Rb−/− MEFs are unable to differentiate without exogenous
pparγ activators (Chen et al., 1996; Hansen et al., 2004a, 1999).
Paradoxically, pRb can inhibit adipogenesis by attenuating
pparγ’s capacity to drive gene expression. This is accom-
plished by the simultaneous binding of underphosphorylated
pRb to pparγ and histone deacetylase 3 (HDAC3) (Fajas et al.,
2002a). Lastly, MEFs lacking Rb preferentially differentiated
into brown adipocytes rather than white adipocytes when dif-
ferentiation was forced by treatment with a pparγ activator,
Rosiglitazone, and triiodothryonine (Hansen et al., 2004a).
In the current study, we demonstrate that the targeted loss
of p107 leads to a severe deficiency in WAT development. WAT
depots in p107−/− mice were poorly differentiated with elevated
numbers of preadipocytes and brown-like adipocytes. More-CELL METABOLISM : NOVEMBER 2005
Preadipocyte differentiation is regulated by p107over, p107−/− WAT depots exhibited markedly reduced expres-
sion of pRb. Using Cre-mediated deletion, we show that pRb
directs brown versus white adipocyte fate from a common
adult progenitor via regulation of PGC-1α expression. Our ex-
periments reveal for the first time an in vivo role for the Rb
family members p107 and pRb in regulating the bipotential ca-
pacity of adult preadipocytes to differentiate into white versus
brown adipocytes.
Results
Defective WAT development in the absence of p107
The targeted disruption of p107 in a pure Balb/c background
caused a runted phenotype, a myeloid proliferative disorder,
and altered cell cycle kinetics (LeCouter et al., 1998). Unex-
pectedly, we also found that p107−/− mice have a severe differ-
entiation deficiency in WAT development. At birth, p107−/−
mice appear identical to their heterozygous and wild-type litter-
mates. However, by 5 days, p107−/− neonates were noticeably
runted despite the ability to suckle, and about 70% did not
survive beyond three weeks of age. Dissection revealed that
neonatal mutant mice exhibited extensive deficiencies in WAT
depots at all sites examined (Figure 1A).
Decreased WAT mass in p107−/− animals persisted into
adulthood. The striking lack of WAT in the interscapular and
inguinal depots, as well as the smaller sized testicular and
ovarian depots of p107−/− mice were readily apparent (Figures
1B–1D). The size of various WAT depots between mutant and
wild-type animals was enumerated by carefully weighing dis-
sected tissue samples (Figures 1E and 1F). In all WAT depots
analyzed, including the interscapular, inguinal, testicular, ovar-
ian, and intraperitoneal compartment, both p107−/− male and
female mice exhibited severe reductions in the mass of fat
pads (Figures 1E and 1F). By contrast, interscapular BAT de-
pots were not significantly different in weight between wild-
type and p107−/− mice (Figure 1G). In addition, p107−/− mice
had a significantly lower percentage of adipose tissue relative
to body weight as compared to their littermate controls (Fig-
ure 1H).
The size of WAT in p107−/− animals is not due to hypophagia
as food intake for both mutant and control animals was essen-
tially the same at 3.9 ± 0.5g/mouse/day for wild-type as com-
pared to p107−/− mice at 3.5 ± 0.4g/mouse/day. Furthermore,
as stool mass and composition for p107−/− mice were found to
be normal, the malabsorption of nutrients was ruled out as a
factor leading to their small WAT depots.
The reduction of adipose tissue size is reflected by a signifi-
cantly higher metabolic rate. Indeed the 24 hr mass adjusted
total energy expenditure for p107−/− mice is about 12% higher
at 0.066 ± 0.001 ml O2/min/g as compared to 0.058 ± 0.002
ml O2/min/g for wild-type controls (n = 6; p < 0.05). Taken to-
gether, these results suggest that p107−/− mice have drastically
reduced WAT depots perhaps based on a partial replacement
of white fat with brown-type fat, providing the basis for an in-
creased metabolic rate.
Histological examination of sections of p107−/− fat pads re-
vealed abnormal WAT adipocyte development at the cellularCELL METABOLISM : NOVEMBER 2005level in all depots (Figures 2A–2D). p107−/− WAT exhibited very
small sized unilocular adipocytes with many multilocular ap-
pearing cells. The brown-type characteristic of WAT in the
p107−/− mice was corroborated by the presence of UCP-1 in
white and brown adipocytes of inguinal fat depots by immuno-
histochemistry (compare Figure 2E with Figure 2F). In addition,
transmission electron microscopy (TEM) revealed that the
p107−/− adipocytes within the inguinal pads contained a large
number of multilocular cells with small lipid droplets and mito-
chondria containing many cristae that are consistent with a
brown-type phenotype (Cinti, 2001) (compare Figure 2G with
Figure 2H). The histological appearance suggested that the re-
duced fat pad mass was the result of a severe reduction in the
differentiation potential of white adipocytes and/or a brown-
type differentiation potential.
Increased levels of PGC-1α and UCP-1 in p107−/− WAT
The nature of WAT in p107−/− mice suggested the possibility of
a pro-brown adipocyte differentiation program or lack of white
adipocyte differentiation (Tsukiyama-Kohara et al., 2001). Sub-
stantial evidence exists that UCP-1 and PGC-1α are factors
contributing to leanness in various mouse models (Tiraby et al.,
2003). UCP-1 is typically not expressed in adult WAT depots
and correspondingly, we did not detect UCP-1 in the interscap-
ular WAT depot (IWAT) of adult wild-type mice (Figure 3A). By
contrast, p107−/− interscapular fat pads expressed high levels
of UCP-1 supporting the assertion of greatly enhanced brown
adipogenesis in the absence of WAT development (Figure 3A,
lanes 3–6).
The transcription factor PGC-1α regulates the expression
levels of UCP-1 mRNA within white adipocytes and is also in-
volved in the expression of genes required for oxidative phos-
phorylation (Puigserver and Spiegelman, 2003). Hence, the
transcriptional expression pattern of PGC-1a and UCP-1 was
evaluated in the inguinal WAT (IgWAT) and IWAT of mutant and
wild-type mice by qRT-PCR. We detected markedly upregu-
lated levels of PGC-1a and UCP-1 mRNA in p107−/− WAT of
the interscapular and inguinal fat pads (Figures 3B and 3C).
These results confirm an uncharacteristically high number of
brown-type adipocytes within WAT of p107−/− mice. Taken to-
gether, these experiments indicate that in the absence of p107,
preadipocytes that would normally differentiate into white adi-
pocytes have undergone default differentiation into brown-
type adipocytes.
WAT differentiation deficit of p107−/− adult preadipocytes
in vivo but not in vitro
An indication that the WAT defect was due to inefficient differ-
entiation of adult adipocyte precursors was the appearance of
the postnatal liver. Macroscopic observation of p107−/− livers
at five days of age revealed an unhealthy yellow appearance,
indicative of excess lipid deposition (Figure 4A). Lipid deposi-
tion was confirmed by histological examination of H&E-stained
liver sections that revealed microvesicular vacuolization. Sudan
Black lipid staining further demonstrated a profound lipid accu-
mulation and steatosis in the liver (Figure 4B). The liver pathol-
ogy was strongly consistent with the notion that insufficient
functional WAT was present at this stage of the mutant animal’s
life, which is normally required to store the dietary fat load con-
tained in the mother’s milk. Fatty livers for p107−/− mice were
manifested only during this stage in their life. After weaning285
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Preadipocyte differentiation is regulated by p107deficit in p107 WAT was due to a cell-autonomous defect
Figure 2. WAT lacking p107 exhibit brown type adipocytes and poorly differentiated white adipocytes
Hematoxylin and Eosin (H&E) staining of interscapular WAT (IWAT) for p107+/+ and p107−/−, respectively (A and B), and inguinal WAT (IgWAT) for p107+/+ and p107−/−,
respectively (C and D). p107−/− mice have smaller adipocytes and many undifferentiated cells in all their fat depots. Arrows denote areas of multilocular appearance
for p107−/− inguinal depots. The scale bar represents 50 m for (A)–(D). Immunostaining of UCP-1 p107+/+ (E) and p107−/− (F) IgWAT; the scale bar represents 25 m.
TEM for p107+/+ (G) and p107−/− (H) IgWAT. Abbreviations are as follows: M, mitochondria; L, lipid; I, intracellular space; and N, nucleus.
cyte differentiation shortfall, cells were isolated from p107Figure 3. WAT from p107−/− mice has elevated levels of UCP-1 and PGC-1α
A) Western blot for UCP-1 on tissue lysates from the interscapular regions ex-
cluding the BAT bilobe portion. Two different adult wild-type mice (lanes 1 and 2)
and four different adult p107−/− mice (lanes 3–6) were used for analysis. UCP-1
expression persists in the p107−/− animals through adulthood.
B) Graphical representation of the relative fold change expression between
p107−/− and wild-type mice for PGC-1a in IgWAT, IWAT, and BAT using qRT-
PCR. Asterisks denotes significance (p < 0.002) and (p < 0.0008) for IgWAT and
IWAT, respectively.
C) Graphical representation of the relative fold change expression between
p107−/− and wild-type mice for UCP-1 in IgWAT, IWAT, and BAT, using qRT-PCR.
Asterisks denotes significance (p < 0.005), (p < 0.003), and (p < 0.03) for IgWAT,
IWAT, and BAT, respectively. For all experiments, BAT was derived solely from
the interscapular bilobe section, whereas WAT was derived from inguinal de-
pots only.CELL METABOLISM : NOVEMBER 2005Figure 4. Newborn p107−/− mice have profound lipid deposition in their livers
A) Gross physical observation of the livers from p107−/− and wild-type littermate
at 7 days postnatal. Note the yellow hue of the mutant liver.
B) H&E and Sudan Black staining of liver tissue sections. For H&E staining, clear
areas represent lipid droplets within p107−/− hepatocytes (400×). For Sudan
Black staining, darker areas represent lipid droplets (200×).onto a standard mouse chow diet, their liver returned to a nor-
mal appearance, aided by an increase in daily energy expendi-
ture. Together, these results revealed a hitherto unknown
requirement for the Rb family member p107 in the develop-
ment and maturation of WAT.
Transplantation experiments were performed to test if the
−/−of precursor cells to differentiate into adipocytes. IgWAT was
excised from a 2-month-old wild-type donor animal and trans-
planted on the flank of a p107−/− recipient from the same litter
(Chao et al., 2000; Gavrilova et al., 2000) (Figure 5A). The donor
wild-type tissue before transplantation was essentially com-
posed of uniform white unilocular adipocytes (Figure 5B). One
month posttransplant, the adipocytes within the transplanted
tissue had dramatically increased in size (compare Figure 5B
with Figure 5C). By contrast, the endogenous inguinal white
adipocytes of the recipient mutant mouse remained small (Fig-
ure 5D). Moreover, transplantation of p107−/− fat pad did not
result in formation of a normal WAT depot (data not shown).
Therefore, these experiments demonstrate that the lipid stor-
age deficit in mutant WAT was caused by a cell-autonomous
insufficiency, consistent with an inability of p107−/− adipose
precursors to differentiate into white adipocytes. However, at
this time we cannot rule out the possibility that white adipo-
cytes from p107−/− mice have a fatty acid storage defect.
To investigate whether p107 deficiency results in a preadipo-
−/−287
A R T I C L EFigure 5. Adult preadipocytes lacking p107 display an in vivo differentiation deficit
A) Wild-type white adipocytes transplanted into mutant recipients dramatically increase in size. Dorsal view of p107−/− recipient mouse with wild-type transplanted
tissue denoted by arrowhead.
B) H&E staining of wild-type tissue before transplant.
C) H&E section of tissue one month after transplant, showing a large amount of lipid deposition.
D) H&E staining of recipient’s endogenous inguinal tissue. Note the small sized adipocytes suggesting p107−/− WAT differentiation deficiency. Magnification was at
100× for all tissue sections.
E) Oil Red O staining of representative views for differentiated Sca-1+CD31−Lin−-sorted cells from wild-type and p107−/− mice.
F) Graphical representation of the differentiation potential of sorted cells between p107−/− and wild-type mice. Asterisk denotes significance (p < 0.004). The Sca-1+
CD31−Lin− fraction from p107−/− mice contains many more undifferentiated adipocyte precursors.
G) RT-PCR evaluation of adipogenic factors of growing (G), 7 days postdifferentiation (D), and 7 days postdifferentiation in the presence of Ros and T3 (D/T3) for WAT
preadipocytes from p107+/+ and p107−/− mice. Note the expression of PGC-1a and UCP-1 only in the p107−/− treated samples.and wild-type adult interscapular BAT and IgWAT, enumerated,
and their differentiation potential assessed.
BAT from both p107 mutant and wild-type animals contained
about the same number of cells per gram of isolated tissue
(Figure 1G and data not shown). However, p107−/− IgWAT
contained 61% ± 15% more cells (excluding adipocytes), as
compared to wild-type IgWAT. These results suggested that
WAT-derived p107-deficient preadipocytes exhibit a cell-auton-
omous differentiation deficit that results in a high portion of
the cells to either remain undifferentiated or undergo default
differentiation into brown adipose.
This idea was addressed by analyzing the differentiation ca-
pacity of p107−/− adult white primary adipocyte precursors288in vitro. To facilitate isolation of adult preadipocytes, we devel-
oped a novel method for purification of an enriched population
from adult tissues. The cell surface antigen Sca-1, used rou-
tinely in purification protocols for various progenitor cells (Asa-
kura and Rudnicki, 2002), is expressed on primary preadipo-
cytes as assayed by in vitro differentiation studies (unpublished
data). Therefore, fluorescent-activated cell sorting was used to
isolate a population enriched in preadipocytes by positively se-
lecting for Sca-1 and by removing endothelial cells that ex-
press CD31 and mature blood cell lineages (Lin). Interestingly,
mutant fat pads contained 30% more Sca-1+CD31−Lin− cells
relative to wild-type adipose tissue, supporting the notion that
p107 deficiency impairs preadipocyte differentiation. To investi-CELL METABOLISM : NOVEMBER 2005
Preadipocyte differentiation is regulated by p107gate their in vitro differentiation capacity, equal numbers of
Sca-1+CD31−Lin− cells isolated from IgWAT from wild-type and
mutant animals were plated, grown to confluence, and allowed
to differentiate in normal differentiation media for 10 days. Sur-
prisingly, isolated adult p107−/− precursor cells displayed ro-
bust adipocyte differentiation potential, as assessed by Oil Red
O staining (Figures 5E and 5F). Taken together, this data sug-
gested that undifferentiated WAT precursors account for some
of the increased cell number observed in isolated mutant tissue
and that the in vivo differentiation deficiency was rescued in
part by cell culture conditions in vitro.
We also analyzed the in vitro brown adipocyte differentiation
potential of p107−/− preadipocytes using gene expression
analysis for PGC-1a and UCP-1 (Figure 5G). With a pro-brown
adipocyte differentiation regimen, containing the pparγ ligand,
Rosiglitazone (Ros), and the hormone, triiodothyronine (T3),
p107−/− preadipocytes expressed PGC-1a and UCP-1 after 7
days postdifferentiation. Wild-type preadipocytes failed to ex-
press these thermogenic markers suggesting that under the
appropriate environment p107−/− preadipocytes from WAT are
prone to differentiate into brown-type adipocytes.
Rb levels are dramatically reduced in p107−/−
adult preadipocytes
Rb is essential for adipogenesis to occur yet paradoxically it
inhibits adipogenesis by binding to pparγ with HDAC3. To in-
vestigate the potential involvement of Rb in the differentiation
deficiency, we examined its expression in fat tissues in vivo
and cultured adult primary preadipocytes during differentiation
in vitro.
Western blot analysis of wild-type primary adult adipocyte
precursors from IgWAT revealed that modulation of p107 and
pRb levels occurred during the growth and differentiation pro-
gram. p107 along with pRb were upregulated within 72 hr of
differentiation in serum containing media (Figure 6A). However,
when differentiating in the presence of serum free media, with-
out a growth phase, the expression of p107 immediately disap-
peared within 24 hr, yet pRb expression was maintained albeit
at drastically reduced levels.
We also assessed the expression and relevance of pRb in
wild-type and p107−/− WAT differentiation. Importantly, as pre-
cursors for white adipocytes are thought to express pRb (Han-
sen et al., 2004a), the level of pRb in isolated primary adult
preadipocytes from IgWAT was assessed. Interestingly, pRb
was barely detectable in freshly isolated mutant preadipocytes
by Western blot analysis (Figure 6B). In addition, lowly ex-
pressed pRb in p107−/− preadipocytes was present in an under
phosphorylated state. Hence, these results correlated with the
in vivo reduction in white adipocyte differentiation in the ab-
sence of p107.
We hypothesized that the apparent difference between in vivo
and in vitro differentiation of preadipocytes from p107−/− mice
was a consequence of differential expression of pRb. Whereas
freshly isolated adult preadipocytes from p107-deficient mice
displayed markedly reduced under phosphorylated pRb ex-
pression, cultured p107−/− preadipocytes displayed a normal
expression of pRb during growth and differentiation in vitro
(Figure 6C). This suggests that the large proportion of undif-
ferentiated adipocyte precursors observed in vivo (Figures 5E
and 5F), differentiated after isolation and culture in vitro due to
the upregulation of pRb. Furthermore, our experiments revealCELL METABOLISM : NOVEMBER 2005an unexpected difference in the regulation of pRb by p107 that
is active in tissue but is obscured under tissue culture condi-
tions.
pRb is required for adult preadipocyte differentiation
Our experiments suggested that p107-deficient adult preadi-
pocytes were incapable of upregulating Rb in vivo. Therefore,
the role for pRb in adult primary preadipocyte differentiation
was directly assessed in vitro. Previous studies have not eval-
uated the differentiation capacity of pRb-deficient adult pri-
mary preadipocytes due to embryonic lethality (Clarke et al.,
1992; Jacks et al., 1992; Lee et al., 1992). To investigate the
requirement for pRb in adult adipogenesis, we FACS-purified
Sca-1+CD31−Lin−preadipocytes from the inguinal depots of
adult mice carrying homozygously floxed Rb allele (RbloxP/loxP)
(Marino et al., 2000). Uninfected RbloxP/loxP cells express pRb
normally, whereas cells infected with an adenovirus expressing
Cre recombinase (Ad-Cre) (Anton and Graham, 1995) have the
RbloxP/loxP allele deleted resulting in a null mutation.
Preadipocytes isolated from IgWAT of RbloxP/loxP adult mice
were infected with Ad-Cre or control adenovirus expressing
LacZ (Ad-LacZ). After 14 days of differentiation, the Ad-LacZ-
infected cells exhibited normal kinetics of differentiation (Figure
6D). By contrast, cells infected with Ad-Cre exhibited an almost
complete block in adipogenic differentiation. These data con-
firm that pRb is required for the differentiation of preadipocytes
into white adipose in adult animals.
Rb-deficient preadipocytes exhibited reduced expression of
a key regulator of adipogenic differentiation pparg-2 (Figure
6E). Importantly, addition of Ros and T3, to the differentia-
tion medium, resulted in a dramatic increase in the levels of
pparg-2 and rescued adipogenic differentiation (Figures 6D
and 6E). However, the consequence of forced differentiation in
the absence of pRb resulted in the formation of brown adipo-
cytes as evidenced by the expression of PGC-1a and UCP-1
(Figure 6E). Therefore, as has been observed for Rb−/− MEFs
(Hansen et al., 2004a), Ros can bypass the need for pRb for
differentiation of adult primary preadipocytes and, under the
correct stimuli, produce brown-type adipocytes as is the case
for p107−/− preadipocytes.
pRb regulates the expression of PGC-1a
We further tested the relationship between Rb and PGC-1α by
chromatin immunoprecipitation (ChIP) assay on the preadipo-
cyte cell line 3T3-L1 (Figure 7A). pRb binding was assessed on
regions representing 4 Kb upstream of the transcriptional start
site of the PGC-1a gene. pRb was demonstrated to bind at
locations –1 Kb and –4 Kb of the PGC-1a promoter, but not
the –2 Kb (and –3 Kb data not shown) region during differentia-
tion, with or without the addition of Ros (Figure 7A). The in-
teraction was specific to the PGC-1a promoter as pRb did not
bind to the histone H4 promoter and the ability of the pRb anti-
body to recognize itself bound to other promoters was verified
with ChIP on a known target, the p107 locus.
We next tested the ability of pRb to regulate the PGC-1a
promoter. Reporter assays revealed full-length pRb signifi-
cantly inhibited PGC-1a expression from the 3.1 Kb proximal
promoter of mouse PGC-1a in a dose dependent manner, but
it had no effect on the control promoter consisting of four re-
peats of the right E-box of the muscle creatine kinase enhancer
(Figure 7B). In addition, pRb might direct the activation of PGC-289
A R T I C L EFigure 6. Differentiation of adult primary white preadipocytes requires pRb
A) pRb and p107 differentiation expression pattern in primary adipocytes from IgWAT over a 72 hr time period under serum and serum-free conditions. pRb is
expressed under both conditions, but p107 is not.
B) Western blot for pRb in freshly isolated adult primary preadipocyte lysates. Note the barely detectable levels of and under phosphorylated state of pRb for p107−/−
adipocyte precursors.
C) Western blot for pRb in growing (G) and 5 days differentiated (D) for both wild-type (+/+) and p107−/− (−/−) adult primary preadipocytes. pRb levels are upregulated
once plated as compared to freshly isolated adult preadipocytes.
D) Representative microscopic view of RbloxP/loxP Sca-1+CD31−Lin− sorted cells with Cre recombinase untreated (Cre –ve), Cre recombinase treated (Cre +ve), and Cre
recombinase treated and supplemented with rosiglitazone and T3 (Cre +ve/Ros) under serum-differentiation conditions for 7 days. Note the lack of differentiation with
Cre-treated cells and the robust differentiation of these cells with Ros and T3.
E) RT-PCR evaluation of adipogenic factors and pRb in Cre recombinase untreated, Cre recombinase treated, and Cre recombinase treated with Ros and T3 of
RbloxP/loxP Sca-1+CD31−Lin− sorted cells under differentiation conditions for 7 days. Note that pRb independent differentiation results in activation of PGC1-a and
UCP-1.1a through interactions with E2F. Indeed, the repression by
pRb was significantly augmented in the presence of E2F4,
whereas an pRb deletion mutant deficient in E2F binding
(663) had no influence on the promoter (Sellers et al., 1998).
Hence, these experiments unequivocally demonstrate that
pRb functions as a switch to regulate the developmental fate
between white over brown adipocyte differentiation of bona
fide adult preadipocytes by negatively regulating the expres-
sion of PGC-1a that is involved in promoting UCP-1 expres-
sion. We thus conclude that the preferential differentiation of
preadipocytes into brown fat in p107−/− mice is likely due to a
dysregulation of pRb that is manifested only in vivo.
Discussion
The Rb family of proteins play an important role in regulating
adipocyte differentiation (Altiok et al., 1997; Chen et al., 1996;
Cherington et al., 1988; Fajas et al., 2002b; Hansen et al.,
2004a, 1999, 2004b; Higgins et al., 1996; May et al., 2001;290Porse et al., 2001; Reichert and Eick, 1999; Richon et al., 1997;
Slomiany et al., 2000). Our experiments demonstrate that p107
is required for white adipocyte differentiation in vivo and sug-
gest that this lack of differentiation is a result of an inability to
appropriately regulate pRb.
We show, by multiple lines of evidence, that p107−/− mice
have a WAT differentiation disorder, exemplified by poorly dif-
ferentiated white adipocytes and undifferentiated adipocyte
precursors. p107−/− WAT depots appear smaller than their
wild-type counterparts, their size substantially reduced in every
depot that was assessed (Figure 1). Moreover, the histological
appearance of WAT in p107−/− mice also reveals atypical differ-
entiation with small unilocular and multilocular cells expressing
UCP-1 (Figure 2). p107−/− mice never fully develop WAT in their
interscapular depot, as evidenced by the expression of UCP-1
protein, a marker for brown adipocytes (Figure 3A). The im-
paired development of WAT is underscored by the significant
increase of the transcriptional expression of UCP-1 and its ac-
tivator PGC-1a in the p107−/− inguinal depots (Figures 3B andCELL METABOLISM : NOVEMBER 2005
Preadipocyte differentiation is regulated by p107Figure 7. pRb regulates the expression of PGC-1α
A) Chromatin immunoprecipitation revealed pRb binding to the PGC-1a pro-
moter. Distances upstream of the PGC-1a transcription start denoted by –1 Kb,
−2 Kb, and –4 Kb, the histone H4 promoter and the p107 locus. G, D, and D&R
denote growth, differentiation, and differentiation with Ros, respectively.
B) pRb represses PGC1a-promoter activity following calcium stimulation. 3T3-
L1 cells were transfected with a luciferase reporter driven by four repeats of the
right E-box of the MCK enhancer (4R-Luc) or the 3.1kb region upstream of the
ATG start site of the PGC-1a gene alone and with indicated amounts of pcmvRb
pcmvHAE2F-4, pcmvRB and pcmvHAE2F-4, or Rb663. Transfection efficiency
was normalized to Renilla-luciferase expression. Error bars represent the stan-
dard error of the mean (n = 9). Asterisks correspond to significant difference
(p < 0.0001).3C). The presence of brown adipocytes within WAT depots rep-
resents a lean phenotype in many different genetic settings
(Cederberg et al., 2001; Tiraby and Langin, 2003; Tsukiyama-
Kohara et al., 2001).
The histological and cell sorting data discloses a large num-
ber of undifferentiated preadipocytes within the different p107−/−
WAT sections. p107 might simply regulate adipocyte progeni-
tor self-renewal, its absence increasing their availability. This
idea is analogous to a recent finding that demonstrates p107-
deficient adult brains contain expanded neural stem cell pools
in vivo that are capable of differentiating in vitro (Vanderluit et
al., 2004).
There is a large body of evidence describing the necessity
of pRb for proper adipogenesis to occur. This has previously
been documented with isolated preadipocyte cell lines or im-
mortalized MEFs. For example, the ability of SV40 large T to
block adipocyte differentiation is at the level of sequestering
pRb (Cherington et al., 1988; Higgins et al., 1996). To date,
there has been no in vivo evidence for the requirement of pRb
for adipose development and adult primary cell adipogenesis,
unlike the evidence available for muscle development (de Bruin
et al., 2003; Wu et al., 2003; Zacksenhaus et al., 1996) and
adult primary myoblast differentiation (Huh et al., 2004). OurCELL METABOLISM : NOVEMBER 2005studies reveal the in vivo prerequisite of pRb for proper white
adipocyte development and adult primary preadipocyte differ-
entiation.
For the p107−/− mice we observed extremely low levels of
pRb in preadipocytes isolated from WAT that is correlated with
a lack of white adipocyte differentiation (Figure 6B). Previously,
it has been impossible to study a direct role for pRb in primary
adipogenesis. pRb−/− mice die in utero and those that come to
term, by bypassing pRb’s embryonic function, die shortly after
with many skeletal muscle abnormalities (Cobrinik et al., 1996;
Wu et al., 2003). In this study, the Cre/lox-P system provides a
powerful tool to dissect a role for pRb in adult primary preadi-
pocytes. With the Cre inactivation of Rb, we demonstrate that
primary adipocyte precursors isolated from pure white fat de-
pots of adult animals require pRb for differentiation. In vitro,
the requirement for p107 is potentially bypassed by the serum
conditions that contain supra-physiological levels of growth
factors. This results in higher expression and subsequent inac-
tivation of pRb, allowing p107−/− adult preadipocytes to dif-
ferentiate (Figure 6B and 6C). Taken together, this data un-
derscores the central importance of pRb in white adipocyte
differentiation.
Our results suggest that p107−/− preadipocytes that are un-
able to differentiate in vivo are able to differentiate in vitro and
that this difference is due to variable expression of pRb. One
possibility is that in vivo p107 is required for pRb to function
efficiently during differentiation. This might occur at the level of
MCE promoting the expression, and subsequent posttransla-
tional modification of pRb by phosphorylation that is required
to dissociate the pparγ-histone deacytalase 3-pRb complex
(Fajas et al., 2002a). Indeed, the expression level of p107 has
been demonstrated to be elevated during MCE in adipocyte
cell lines (Hansen et al., 2004b; May et al., 2001; Reichert and
Eick, 1999; Richon et al., 1997). Our observations indicate that
p107 and pRb protein expression is elevated during adult pri-
mary adipocyte differentiation in serum conditions at a time
when MCE is taking place. However, in serum free conditions
where MCE is absent, p107 is no longer expressed and pRb is
expressed marginally (Figure 6A). Hence, adult preadipocytes
(Figures 2 and 5) and Rb−/− MEFs (Fajas et al., 2002a) might
differentiate inefficiently into white adipocytes, differentiate into
brown-type adipocytes (Figures 2, 3, 5, 6D, and 6E) or accu-
mulate in G2/M, endoreduplicate and undergo apoptosis (Fajas
et al., 2003). In vitro, the requirement for p107 is potentially
bypassed by the serum conditions inducing the expression and
subsequent posttranslational modification of pRb (Figure 6C).
Future experimentation to examine the capacity of p107−/− pre-
adipocytes to enter MCE in vivo is required to settle this issue.
Our experiments demonstrate that Rb family members, p107
and pRb, act as a molecular switch to regulate the differentia-
tion of brown versus white adipose from a common progenitor.
Our data suggests that pRb acts as a negative regulator of
PGC-1α expression. Induction of PGC-1 α is capable of trans-
forming WAT cells into brown adipocytes by forcing the expres-
sion of UCP-1 and other prooxidative molecules (Tiraby et al.,
2003). Here we show that Rb−/− primary adult preadipocytes of
WAT origin can differentiate into brown type cells that express
UCP-1 and PGC-1α. Our data also suggests that the fat type
differentiation occurs via the control of PGC-1a expression by
pRb. ChIP revealed that pRb is bound to at least two regions
of the PGC-1a promoter in differentiated preadipocytes (Figure291
A R T I C L E7A). In addition, reporter assays with the 3.1 Kb proximal pro-
moter of PGC-1a confirm that pRb binding represses promoter
activity (Figure 7B). pRb might act with HDACs to silence the
activity of the PGC-1a promoter (Czubryt et al., 2003). The loss
of pRb before differentiation would drive the activity of PGC-
1α, thus promoting a brown-type cell phenotype. On the other
hand, posttranslational modification of pRb by phosphoryla-
tion, would also derepress the promoter. This would be re-
quired for cellular remodeling during adaptive thermogenesis,
for example, pRb is inactivated by phosphorylation during sus-
tained cold exposure (Hansen et al., 2004a). The concept for
pRb interacting with a metabolic gene promoter is not out of
the ordinary. Indeed, a recent report describes the association
of E2F4 on gene promoters involved with mitochondrial bio-
genesis, coregulated by nuclear respiratory factor-1 (NRF1)
(Cam et al., 2004). Interestingly, p107 has also been shown to
be located on adipogenic gene promoters in a complex with
E2F (Fajas et al., 2002b; Timchenko et al., 1999). Moreover,
recent in vivo findings, where the mice have an upregulation of
E2F transactivation potential because of truncated expression
of c/ebp α, also demonstrate a similar WAT phenotype to our
p107−/− mice (Porse et al., 2001). Future experiments should
reveal the precise nature of the molecular mechanisms by
which p107 and pRb act to regulate preadipocyte differenti-
ation.
Our findings indicate that adipocyte precursors are bipotent,
capable of differentiating into brown or white adipocytes, and
that this developmental choice is regulated by an Rb-depen-
dent mechanism. We demonstrate that Rb-null preadipocytes
isolated from strictly WAT depots differentiated into brown adi-
pocytes when differentiation was forced by addition of Ros, a
pparγ ligand, and T3 (Figures 6D and 6E). In addition, p107−/−
inguinal depots exhibit BAT differentiation and p107−/− preadi-
pocytes express markedly reduced levels of pRb (Figures 2
and 6B). The bipotentiality of adipocyte precursors would ac-
count for the low numbers of brown adipocytes found residing
in WAT (Guerra et al., 1998; Koza et al., 2000; Oberkofler et al.,
1997; Tsukiyama-Kohara et al., 2001). Bipotentiality of precur-
sors would also provide the animal with a ready source of
brown adipocytes within WAT following cold stress or diet in-
duced thermogenesis (Cannon and Nedergaard, 2004; Himms-
Hagen et al., 2000). Similarly, although BAT contains preadipo-
cytes committed to the brown adipocyte lineage (Boeuf et al.,
2001; Moulin et al., 2001), a bipotential precursor can explain
for the low numbers of white unilocular cells that do not ex-
press UCP-1 that are also resident in BAT (Cancello et al.,
1998; Cinti et al., 1997). Therefore, our data in combination
with the above observations suggest that both adult brown and
white adipocytes are derived from a common adult progenitor
in postnatal animals regardless of tissue location. Presumably,
the type of fat produced would be contingent on the stimuli
received (Cannon and Nedergaard, 2004; Rosen and Spiegel-
man, 2000).
Intriguingly, p107 acts in the PI3K pathway by modulating
the activity of phosphoinositide-dependent kinase-1 (PDK1)
(Makris et al., 2002). p107 is shown to inhibit mRNA translation
by interfering with the recruitment of PDK1 to the plasma mem-
brane. Interestingly, the targeted disruption of genes that can
block mRNA translation such as 4E-BP1 (Komazawa et al.,
2004; Tsukiyama-Kohara et al., 2001), result in a similar pheno-292type as the targeted disruption of p107 suggesting a common
pathway in WAT development.
Our results contrast with other studies that show loss of
p107 promotes adipocyte differentiation (Classon et al., 2000;
Landsberg et al., 2003). These discrepancies can be attributed
to the difference in the mouse strains and cell types that were
used to analyze p107 deficiency in adipogenesis. Classon and
coworkers derived embryonic cells from a 129/SVxC57BL/6
mixed mouse genetic background that has no observable de-
velopmental anomalies apparent including WAT differentiation
(Cobrinik et al., 1996). Our analysis used an independently gen-
erated p107 mutant allele backcrossed into the Balb/c mouse
strain. Secondly, we employed bona fide adult primary preadi-
pocytes cultured to confluence and differentiated using stan-
dard adipocyte differentiation protocols. Moreover, our experi-
ments revealed a hitherto unappreciated difference between
the requirement for p107 during the in vivo versus the in vitro
differentiation of preadipocytes.
Understanding the underlying mechanisms of adipocyte dif-
ferentiation and development can lead to effective prevention
and treatment strategies for the escalating obesity crisis in so-
ciety. Indeed, the identification of the role for p107 and pRb in
specifying brown versus white adipose cell differentiation
raises the possibility that this pathway may be amenable for
therapeutic manipulation for the treatment of obesity.
Experimental procedures
Mice, dissections, and tissue culture
Experimental procedures were performed on the Balb/c genetic back-
ground, including those with a targeted deletion of p107 (LeCouter et al.,
1998) and the loxP-targeted Rb locus (RbloxP/loxP) kindly provided by M.
Vooijs and A. Berns (Marino et al., 2000). Procedures on mice were per-
formed according to the guidelines of the University of Ottawa. Fat pads
were dissected from 6–10 week old mice. Percent adiposity was deter-
mined by dividing the total adipose tissue weight by the weight of the ani-
mal. All primary cells were grown in DMEM supplemented with 10% fetal
bovine serum (FBS) and penicillin/streptamicin.
Isolation of Sca-1+CD31−Lin− primary adult preadipocytes
Primary preadipocytes from adipose stromal cells were fractionated to in-
crease their homogeneity. IgWAT from five wild-type, p107−/− or RbloxP/loxP
aged 4–8 weeks were excised, weighed, minced, and digested with 1 mg/
ml collagenase I (Sigma) in DMEM with 10% FBS and antibiotics at 37°C
for 45 min. After digestion, the slurry was passed through a cell strainer
(100 m) and cells pelleted by centrifugation at 250 g for 5 min. Cells were
resuspended and incubated on ice for 20 min with conjugated antibodies
(BD Pharmingen) recognizing the following cell surface markers: Stem Cell
Antigen-1 conjugated to APC (Caltag), CD31 conjugated to FITC (BD Phar-
mingen) and Lineage antibodies (BD Pharmingen Lineage kit) including the
blood markers Mac-1, Gr-1, Ter119, CD45R/B220, and CD3e conjugated
to biotin (Lin-biotin). Detection of Lin-biotin was accomplished by avidin
conjugated to PE (BD Pharmingen). Immuno-labeled cells were sorted on a
MoFlo facs sorter on the basis of Sca-1+CD31−Lin−. The Sca-1−CD31−Lin−
cells do not adhere to tissue culture plastic and were discarded. The Sca-1+
CD31−Lin− cell sorted fraction was plated at a density of 15,000 cells/cm2.
Primary adult preadipocyte differentiation
Unsorted or sorted cells were differentiated after reaching confluency or 24
hr after adenoviral infection according to the standard protocols employing
the serum-based or serum-free regimens. For the serum-based differentia-
tion method, DMEM 10% FBS supplemented with 5 g/ml insulin, 1 M
dexamethazone and 0.5 M of 3-isobutyl-1-methylxanthine was added to
cultures. After 48 hr, the media was replaced for 8 days by DMEM contain-
ing 10% FBS supplemented with 5 g/ml of insulin. 200 pM of triiodothyro-
nine (T ) and 1M of rosiglitazone (Ros) (Cayman Chemical) was addedCELL METABOLISM : NOVEMBER 2005
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technique, cells were differentiated for 10 days using serum-free DMEM:F12
basal media containing 200 pM T3, 5 g/ml of insulin, and 10 g/ml
transferin.
Excision of pRb from RbloxP/loxP adult primary preadipocytes
Sca-1-CD31−Lin− fraction from RbloxP/loxP IgWAT cells were infected with
adenovirus expressing Cre recombinase to excise Rb or LacZ as a control
(both kindly provided by Dr. Robin Parks) according to the method de-
scribed by Huh et al. (2004).
Cell staining and counting
Sca-1+CD31−Lin−-sorted cells from wild-type and p107−/− mice were al-
lowed to differentiate for 10 days. After, cells were fixed and stained with
Oil Red O for lipid and counterstained with DAPI. The differentiated cell
percentage was obtained by scoring the number of red cells containing lipid
droplets per number of nuclei within a field. At least five different fields were
enumerated for each of three independent experiments. For tissue sections,
hematoxylin and eosin (H&E) staining was performed on paraffin sections,
and Sudan Black staining, for detection of lipids, was performed on fro-
zen sections.
PCR analyses
RNA was extracted from BAT and WAT from the inguinal depot (IgWAT) of
p107−/− and wild-type mice ranging in age from 6 to 10 weeks, using the
RNeasy Lipid Tissue Kit (QIAGEN) according to the manufacturer’s instruc-
tions. 500 ng of RNA was reverse transcribed employing the GeneAmp Kit
(Applied Biosystems). 25 ng of reverse-transcribed RNA was employed for
PCR analysis. Primer sets and conditions used were described elsewhere
(Hansen et al., 2004a). For Quantitative Real Time PCR (qRT-PCR), assays
were performed on the Stratagene MX 4000 using SYBR green PCR Master
mix (Sigma). All reactions were run at least in triplicate and the results
graphed by normalizing to β-actin.
Western blot analysis
Proteins were extracted from fat tissue by first homogenizing in Ripa buffer
(0.5% NP-40, 0.1% sodium deoxycholate, 150 mM NaCl, 50 mM Tris-HCl
[pH 7.5]) containing protease inhibitors, pepstatin, aprotinin, and leupeptin.
The homogenate was centrifuged at 4°C for 30 min at 15,000 g and the
supernatant portion containing the protein fraction recovered. For the differ-
entiation time-course, primary preadipocytes from IgWAT were grown and
differentiated for the stated times. Cells were lysed with Ripa and the lysate
loaded onto a 7.5% polyacrylamide gel, and Western blotted according to
standard protocol. Antibodies recognizing UCP-1 (Calbiochem), pRb (BD
Biosciences), p107 c-20 (Santa Cruz), and α−tubulin (Sigma) were used.
Transplant experiments
Transplant experiments were performed essentially as those already pub-
lished (Chao et al., 2000; Gavrilova et al., 2000). Two month of age wild-
type donor and mutant recipient littermates were used. In brief, the inguinal
fat pad was excised from a wild-type donor mouse, washed in saline, and
cut into pieces representing the graft; a portion was kept for tissue section-
ing. Grafts were implanted subcutaneously on the flank of the recipient
mouse through a small incision. Grafts were implanted for a month after
which their success was assessed by noting revascularization from the re-
cipient animal’s blood vessels. Tissue from the implant and recipient ingui-
nal tissue was dissected, paraffin embedded, and sectioned for H&E
staining.
Indirect calorimetry
Whole-body oxygen consumption was measured using an open circuit four-
chamber indirect calorimetry system with automatic temperature and light
controls (Columbus Instruments). Mice had access ad libitum to chow and
water in respiration chambers, and data were recorded for a 24 hr period
with temperature at 24°C and light between 0700–1900 hr.
Transmission electron microscopy
Fat pads were fixed with 0.1 M sodium cacodylate buffer containing 2%
glutaraldehyde, [pH 7.5], at 4°C overnight and postfixed with 1% osmiumCELL METABOLISM : NOVEMBER 2005tetroxide. After dehydration, the samples were embedded in Spurr and ob-
served on a Joel 1230 EM.
Immunohistochemistry analysis
Paraffin sections of wild-type and mutant inguinal fat pads were dewaxed,
endogenous peroxidase activity quenched with 3% hydrogen peroxide in
methanol, and incubated with the M.O.M. blocking kit (Vector Labs). Anti-
body directed against UCP-1 (1:500; Calbiochem) was visualized by using
a streptavidin-biotin method (Vector Labs) with diaminobenzidine (Sigma).
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed on growing, and 7
day-differentiated (with and without Ros) 3T3-L1 preadipocytes with an as-
say kit (Upstate) according to the manufacturers instructions. ChIP primer
sequences are available upon request.
Reporter assays
3T3-L1 cells were transfected using the calcium phosphate protocol (Perry
et al., 2001). 40 hr posttransfection, cells were treated with 5mM caffeine
for 4.5 hr prior to harvest. The 3.1 Kb proximal PGC1α-promoter-luciferase
construct and Rb663 were kindly provided by Drs. Michael Czubryt and
William Kaelin Jr., respectively (Czubryt et al., 2003) (Sellers et al., 1998).
Luciferase assays were performed using the Dual-Luciferase Reporter As-
say System (Promega).
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